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Two dimensional particle-in-cell simulations characterizing the interaction of ultraintense short 
pulse lasers in the range 10^^ < ^ < 10^*^ W/crri^ with converging target geometries are presented. 
Seeking to examine intensity amplification in high-power laser systems, where focal spots are typi- 
cally non-diffraction limited, we describe key dynamical features as the injected laser intensity and 
convergence angle of the target are systematically varied. We find that laser pulses are focused 
down to a wavelength with the peak intensity amplified by an order of magnitude beyond its vac- 
uum value, and develop a simple model for how the peak location moves back towards the injection 
plane over time. This performance is sustained over hundreds of femtoseconds and scales to laser 
intensities beyond 10^*^ W/crri^ at 1/im wavelength. 



I. INTRODUCTION 

In recent years advances in short pulse laser technol- 
ogy and focusing techniques such as chirped-pulse ampli- 
fication (CPA)[1 have enabled production of petawatt 
laser systems with intensities exceeding 10^^ W/cm'^^ 
and pulse lengths on the order of hundreds of femtosec- 
onds. The fields generated by such ultraintense pulses 
cause electrons to oscillate rapidly, with relativistic ef- 
fects becoming appreciable for Posc/'^eC > 1, where Posc 
is the transverse relativistic electron quiver momentum 
in the laser fields. The dimensionless laser parameter 
a = eEo/{meUJoc) = Posc/^eC > 1 defines this bound, 
where Eq and ujq are the peak laser electric field and fre- 
quency respectively. Pulses in this regime enable com- 
pelling laboratory experiments in high-energy density 
physics (HEDP), with applications to diverse fields such 
as antimatter creation [2, 3 , high-energy astrophysics [4^, 
and inertial confinement fusion (ICF.)[5 

It is well-established that the interaction of lasers 
at ultrahigh intensities iX^ > 1.37 x 1{)^^W fiw? / cw? 
with solid targets results in the production of energetic 
electrons [6]. The impinging laser propagates into the tar- 
get until it reaches an interface with density n ~ 7 x ncr, 
where Ucr = meCJo/(47re^), the critical density at which 
the laser frequency equals the electron plasma frequency; 
and 7 = Vl + is the relativistic factor correspond- 
ing to electron oscillation in the transverse laser fields. 
For idealized planar targets irradiated at normal inci- 
dence, the system dynamics can be characterized in a 
general sense by two properties of the laser: the light 
pressure P ~ 2//c, and relativistic ponderomotive force 

fp = V(7^ - l)meC^. Here 7^ = ^/l + {pe/rrieC^Y cor- 
responds to the relativistic electron quiver momentum 
in both the transverse and longitudinal fields. The light 
pressure, which can exceed Gbar for / ~ l{)^^W/cm?^ 
pushes on ions at the critical interface and effectively 
bores a hole into the target. The time- averaged com- 
ponent of fp acts to further steepen the critical inter- 
face, while the oscillatory component sets up an effective 
electrostatic field, heating electrons and nonadiabatically 



injecting them into the solid target at frequency 2cJo[71- 
The ponderomotive scaling [6] of the hot electron temper- 
ature, given by eh = k Th = meC^{j — 1), represents a 
widely-adopted feature for ultraintense laser-plasma in- 
teraction (LPI) research. 

Short pulse laser applications such as based X- 
ray backlighters require relativistic laser intensities > 
10^^ W/cm'^ over relatively small spots, i.e., radius ~ 
10/im, while high power laser systems will deliver most 
of their energy in ~ 200/im spots. Much experimental 
and computational research over the past several years 
has explored the potential utility of convergent geome- 
try targets to amplify laser intensity, as well as to im- 
prove particle guiding, temperature and distribution [8]- 
11^. In the fast ignitor (FI) approach to ICF, stringent 
requirements on target symmetry are relaxed and signif- 
icantly higher gain can be achieved by decoupling the 
processes of fuel compression and ignition, with an ul- 
traintense picosecond laser pulse most commonly provid- 
ing the "spark" [5^. In one ignition scheme, a re-entrant 
cone is embedded into the precompressed fuel to shield 
the ignitor pulse from coronal plasma created during fuel 
compression, and to allow immediate access to the dense 
core. There is currently much research being done to 
understand the complex, multi-scale physical processes 
at work in this system, with outstanding issues in areas 
such as laser transmission and focusing in the cone, laser 
energy coupling into hot electrons, and electron diver- 
gence in the dense thermonuclear fuel[12 . Furthermore, 
in the context of proton acceleration there is currently 
much active research in novel target geometries, such as 
funnel and flat-top cones. Recent experiments on the 
Trident laser at Los Alamos National Laboratory have 
shown these targets to increase laser-particle energy cou- 
pling by nearly 5 times and to enhance laser focusing 
towards the cone tip [13 . 

In this paper, we seek to characterize the focusing and 
evolution of ultraintense short pulse lasers in converg- 
ing target geometries. To distill and examine key phys- 
ical processes, we use particle-in-cell (PIC) simulations 
to model wedge targets in the limit of no prepulse, i.e. 
high-contrast laser pulse propagation in a cleared chan- 
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nel. The effects of prepulse in a closed cone, for a single 
angle, were reported on in MacPhee et a/.[l4] Recent nu- 
merical work published by other groups has indicated 
that peak laser focusing of ~15 times could be achieved 
in a small spot size of radius ^ IAq, using hollow tip 
cone (wedge) targets. [10 It was proposed that the in- 
tense, highly-focused beams generated by these configu- 
rations could have applications for HEDP fields such as 
Ka based backlighting. However, these simulations were 
performed in the limit of an optical physics model with 
static boundaries [10 , and further research has consid- 
ered evolving weakly overdense target walls with lasers 
of intensity / < 10^° W/cm'^ over -350 fs fTP. The re- 
sults presented in this paper take into account the addi- 
tional effects of hot electron generation and phase space 
evolution, and describe nonlinear laser-plasma interac- 
tion in 100 X Tier targets over picosecond timescales. We 
consider a pulse-target parameter space that represents 
a sampling of recent literature [10] |T2] |^, and is com- 
prised by Ijam wavelength lasers with intensities in the 
range 10^^ — 10^^ W/cm'^ and targets with half-angles 
of 17°, 30°and 45°. We identify key dynamical features 
and trends as laser intensity and target angle are sys- 
tematically varied, such as the generation of a domi- 
nant hot electron filament aligned with the target tip 
for a > 1 pulses in the 17° target. In these configu- 
rations particle acceleration mechanisms in the under- 
dense plasma, most notably self-modulated laser wake- 
field acceleration [T5^,T6^ (SM LWFA), excite electrons to 
several times the ponderomotive potential. By contrast 
the wide 45° target exhibits two equally dominant elec- 
tron filaments off to the sides of the tip, with electron 
acceleration through the tip effectively suppressed. We 
interpret this trend in the context of the relative efficien- 
cies of ponderomotive self-channeling [16 and collision- 
less laser energy absorption mechanisms such as Brunei 
heating[17 near the critical interface. For pulses with 
intensity higher than /ig in the 45° target, over time the 
laser pressure becomes insufficient to clear plasma ab- 
lated from the target walls from the laser channel. This 
results in effective closure of the target tip. 

The 17°— /20 pulse-target configuration is identified as 
optimal with peak laser focusing Ipeak/Io ^ 8-8 and max- 
imal electron fiux density Pe/Io ^ 3.2 at the target tip. 
This Ipeak represents an 82% focusing efficiency com- 
pared to an ideal optical simulation with static bound- 
aries, with losses primarily going into electron heating. 
Also observed in this geometry is a clear trend where 
the region of peak laser intensity regresses away from the 
target tip at intensity-dependent rates that saturate at 
/ 10^^ W/cm'^. Interestingly, this trend suggests the 
17° geometry may be representative of a broader class 
of pulse-target configurations that are characterized by a 
sustained dynamical equilibrium between plasma expan- 
sion and laser radiation pressure. A general analytical 
model is developed for these systems that predicts the 
front velocity Uf and yields key scalings Ipeak ^ Pe cx a^, in 
good agreement with the 17° target results. This unique 



class of wedge target configurations has highly desirable 
properties and may have applications for the design of Ko, 
based X-ray backlighters to image ICF implosions and 
other HEDP experiments. [18 . In this context they rep- 
resent experimentally simple systems to achieve bursts 
of lOx boosted light for hundreds of femtoseconds, fo- 
cused down to small spots of — IAq. As X-ray image 
resolution is proportional to source size, this small spot 
may enable high resolution radiography, while the am- 
plified laser intensity drives a higher energy fiux over a 
fixed time interval for the snapshot. Because the Ipeak 
and Pe scalings extend to the regime / ^ /20, these con- 
figurations may become even more attractive as higher 
intensity short pulse laser systems such as NIF-ARC[19] 
come online in the future. 



II. NUMERICAL MODELING OF LASER 
FOCUSING IN WEDGE TARGETS 

We use the particle-in-cell code PSC[20], which em- 
ploys the Finite-Difference-Time-Domain (FDTD) nu- 
merical scheme to move particles according to the 
Lorentz force equation and evolve fields according to 
Maxwell's equations on a discrete grid. We present the 
results of nine simulations, representing all combinations 
of pulse intensities /q = 1.37 x {10^^ 10l^ lO^^} W/cm^ 
corresponding to a = {1,3.16,10} at wavelength Aq = 
1/im, and target opening half-angles of 17, 30, and 45°. 
For convenience we define the pulse-target notation dn^m 
where n, m index the dimensionless laser parameter and 
target-half angle in degrees. Selection of the ^17 target 
is motivated by recent optical simulations that indicate 
peak laser focusing could reach 15 times in 16-18° hol- 
low tip cone (wedge) targets [10 . Note that irrespective 
of angle the targets have a fixed height, thickness, and 
tip width of 30 Ao, 4.2Ao, and Ayup = 5Ao respectively. 
Particles are represented with 120 electrons and 30 ions 
per cell, yielding a total of ~ 10^ quasi-particles initially. 
Ions are efficiently modeled using fewer particles due 
to their high inertia and particle weighting is adjusted 
to preserve charge neutrality. Radiating and reffecting 
boundary conditions are used for particles and fields 
respectively, where particles incident upon the bound- 
ary have the component of their momenta normal to 
the boundary inverted. Our simulations are two dimen- 
sional Cartesian with system size 50Ao x 40-84Ao in the 
longitudinal-i and transverse-^ directions respectively, 
comprising a mesh of 1600 x 1280-2688 cells with uni- 
form grid size Ay = Az = 0.031Ao. The simulation du- 
ration is 550ro, with tq = Aq/c ~ 3.3 fs and timestep 
At ~ 0.045 fs as determined by the Courant criterion [21]. 

Laser pulses in the simulations presented here are 
super-Gaussian in the transverse direction with I{y) = 
/o X exp —{y/yo)^. Temporal profiles are Gaussian and 
rise over 10 optical cycles with a semi-infinite pulse enve- 
lope. Fig. [1] shows the laser propagating upward into the 
system from the injection plane at z = 0, with the tar- 
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get tip at Ztip = 35 Aq. The laser electric field is linearly 
polarized in the simulation plane. The beam half-width 
half-maxima (HWHM) are wq = {6.0,9.9,15.1} x Aq for 
targets half-angles Ou , ^30 and ^45 respectively, a con- 
stant fraction of the target base width. Note that we 
take w{z) = wq^ diS the expected beam divergence is neg- 
ligible over the target longitudinal height. Consider an 
analogous Gaussian beam with waist wq^ where we see 
the vacuum diffraction length Zr = ttWq/Xq Zup. 

Wedge targets are modeled as two converging 100 x Ucr 
plasma slabs with a step-function density profile, initial 
temperature T^^Ti = 1 keV, ions of Mi = 3672 mg, 
and charge state Z = 1. For subpicosecond timescales 
the Z/A = 1/2 ratio here accurately reflects the ioniza- 
tion state of high-Z composition targets near the crit- 
ical interface. In the region of laser irradiation sys- 
tem dynamics are dominated by collisionless processes, 
as Vei/^o ^ 6 X 10~^ for the Spitzer frequency Uei = 
STrnee"^ \nA/[3^/3m^{kT)^/'^][22^. Resistive processes m 
the solid density target walls are neglected, as our anal- 
ysis is primarily concerned with characterizing laser fo- 
cusing and plasma ablation near the critical interface. 
The classical plasma skin depth at oblique incidence 
Is ~ c/ujpCosOT is resolved Az/lg ~ 1 for all targets, 
where the angle of incidence Ot is the complement of the 
target opening half-angle. We have performed a separate 
test simulation with two times higher grid resolution in 
the as ^45 configuration and found no major qualitative 
differences. 



III. CHARACTERIZATIONS OF DYNAMICAL 
PULSE-TARGET EVOLUTION 

Fig. [3] depicts the evolution of several key LPI pro- 
cesses for the as O17 pulse-target configuration. As shown 
in Fig. [2j laser focusing is most efficient in this geome- 
try where focusing at peak intensity Ipeak/^o ^ 8.8 is 
achieved at time tpeak ^ 350 fs and sustained over 200 
fs. Compared to an ideal optical case for 617 , i.e. an 
immobile ion target composition with a <C 1 laser pulse 
as depicted in Fig. IT] this Ipeak represents 82% focus- 
ing efficiency. Peak laser focusing in this optical sim- 
ulation is in agreement with results from the compa- 
rable 18° target configuration reported on by Zeng et 
al. to within 13%. [1^ The inclusion of additional ef- 
fects from self-consistent evolution of the target walls 
shows that laser focusing due to geometric optical com- 
pression is both attenuated by collisionless laser energy 
coupling into particles and boosted by nonlinear LPI pro- 
cesses. As the propagation channel fills with ablated 
underdense plasma, laser focusing is enhanced as the 
pulse rapidly enters the regime of relativistic self-induced 
transparency regime for Pl ^ Pc = 17(c(Jo/^pe)^ GW[15]. 
At early time Fig. |3] (A) shows surface plasma with 
density exceeding 0.1 ricr in the tip region ablated by 
collisionless laser absorption mechanisms. Brunei (vac- 
uum) heating [17 is dominant here due to the oblique 



angle of incidence; its signature is further evident in Fig. 
|6] (A) at 1.4 ps where hot electrons are bunched and 
driven through the target along the direction normal to 
its surface, with maximal energy fiux density Pe/Io ^ 3.2. 
In the higher intensity aio 6^17 pulse-target configura- 
tion, we observe identical values of Pe/Io ^ 3.2 and 

Ipeak/ ^0 ^ 8.8. 

We identify a clear trend in the ^17 geometry where the 
region of peak laser intensity regresses away from the tar- 
get tip as depicted in Fig. |4j While the magnitude of the 
the peak intensity Ipeak / lo decays over hundreds of fem- 
toseconds, the effective laser focal point recedes from the 
tip with intensity-dependent rates Uf = —dzpeak/dt ~ 
0.037c for ai and Uf ^ 0.056c for both pulses as and aio . 
Together with the constant Pe/Io and Ipeak /lo ratios ob- 
served for a > 1 laser pulses, this trend suggests the 
Oi7 geometry may be representative of a broader class of 
configurations that are characterized by a sustained dy- 
namical equilibrium between plasma expansion and laser 
radiation pressure. 

Here we present a simple but general hydrodynamical 
model for pulse-target configurations in which a recession 
velocity with -^Uf = is observed. Consider an ion front 
moving at ixj at the laser interface in planar geometry. 
The relevant conservation equations are given by, 

dtp + d,{fm) = (1) 
dtipu) + d,{pu^ + P) = (2) 

where p is the mass density. We now transform to a 
frame comoving with the ion front at Uf. In this frame, 
the front is stationary and two oppositely-directed fiows 
of equal magnitude are present. By conservation of mass 
in equation ([T]) we see that the densities associated with 
these fiows must be equal. Electrons in the critical inter- 
face are heated by the laser to Tg ^ Tpond. and particles 
are effectively trapped by < plasma ffowing into the 
laser channel. This quasi-isothermal interface contributes 
a plasma pressure term to the equation of motion and by 
equation ([2| we may write, 

ujMiUi = I/c-UiTe (3) 

or, 

uf = {ul-ciy^' (4) 

where 

cs = {Tn/M,Y^^ (5) 

^ f I \ ^ fZrrW\ . . 
c yMifiiC^ J V 27Mi J ^ ' 

Here equation ([3| assumes full reffection and Tg ^ in 
the interface. Equation ([5| is the ion- acoustic velocity 
with the ponderomotive temperature scaling, and equa- 
tion (|6| represents the ion front velocity from Wilks et 
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Evaluating equation (|4|) using ([5|6|) yields, 

1/2 
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(1-7-^) 



(7) 



This expression represents the front velocity for pla- 
nar geometry at normal incidence. In our converging 
target geometry, the front will recede towards the injec- 
tion plane at a higher rate as the plasma flows over a 
shorter distance into the laser channel. Unbalanced by 
laser pressure, a straight-forward calculation shows the 
recession velocity for a converging target with angle ^, 
Uf = Cs/ sinO reaches 0.17c for aio . Transforming to the 
appropriate frame and solving for Uf yields. 
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As illustrated in Fig. [4] (B), equation ([8| accurately 
predicts the front velocity and demonstrates the asymp- 
totic form oi Uf for a > 3 laser pulses. Results from an 
additional simulation performed at higher laser intensity 
(/ = 1.37 X 10^^ W/cm?) are consistent with the asymp- 
totic value of 
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as depicted in in Fig. [4j That the laser front feels zero net 
pressure over time implies a scaling Ipeak ^Pe oc due 
to the strong correlation between the two variables for 
a > 1. The nature of the coefficients here is determined 
by geometric, laser absorption and nonlinear focusing ef- 
fects, and shall be the subject of examination in future 
work. In the context of radiography this unique class 
of wedge targets could be employed to achieve tightly- 
focused spots with order-of-magnitude higher intensity 
than the incident beam, scaling to intensities beyond 
a > 10 without degradation in performance. 

In the a < 1 regime, it is expected that laser focus- 
ing will be enhanced due to sharply reduced absorp- 
tion, e.g. by 28% for vacuum heating for ai versus 
as using Brunei's 1-D analytical model [17], while the crit- 
ical power threshold for self-focusing in the underdense 
region is still readily achieved. This is in good agreement 
with the results obtained for the ai pulses, where we see 
higher peak focusing by a factor of 1.5 on average across 
geometries. In this regime the laser is not sufficiently 
relativist ic to excite electrons up to MeV energies; at in- 
tensity ai , Th = 0.2 MeV and we accordingly observe 
that Pe = across geometries. By contrast, electron en- 
ergy flux densities in the center of Fig. [g] (A) represent 
the convolution of several heating mechanisms that op- 
erate efficiently in the underdense plasma upstream of 
the target tip. SM LWFA, a process where the laser self- 
interaction leads to longitudinal modulations and elec- 
tron bunching at cj^g, plays the dominant role in particle 
heating here. For the inhomogenous underdense plasma 



present in Fig. [s] (B-C), the longitudinal electric field 
generated in this mechanism produces a broad contin- 
uous electron temperature spectra ranging from keV to 
hundreds of MeV[15 . The inverse free electron process 
also contributes to particle heating; in this mechanism 
quasistatic electric and magnetic fields in the laser chan- 
nel induce transverse betatron oscillations that couple 
laser energy into electrons when the betatron frequency 
cj^ ~ nears resonance with the optical fre- 

quency in the frame of the relativistic electron [T6^. The 
signature of this process is present in Fig. [6] (A) where we 
observe longitudinal bunching of electrons at 2ujpe with 
temperature scaling approximately three times higher 
than ponderomotive. In the as 617 and as 6^30 pulse- 
target configurations, electron dynamics at late times are 
characterized by the presence of a dominant hot electron 
filament aligned with the target tip. For these configu- 
rations Pe/Io ^ 3.2, 1 respectively, as depicted in Fig. [g] 
(A-B) with scalings to higher intensity in Ou described 
above. The potential viability of these energetic colli- 
mated electron structures for particle beam systems will 
be discussed briefly in the next section. 

For the as Oso configuration, plasma ablation in the 
critical interface is comparable to as Ou , with focus- 
ing efficiency attenuated to Ipeak /lo ^ 5.2 as shown in 
Fig. |2] This peak is shifted to later time by 100 fs com- 
pared to as Oi7 due to the longer light propagation time 
and interaction region associated with the wider target 
angle. The as ^45 configuration at late times is charac- 
terized by Tier plasma in the tip region and significant 
laser filamentation. This filamentation, coupled with the 
large spatial width of the target, suppresses ponderomo- 
tive self-channeling and results in effective closure of the 
target tip. The diminished peak focusing Ipeak /^o ^ 3.7 
is again shifted out to later time by ~ 150 fs as seen 
in Fig. [2] by which time the tip has already started to 
close. Fig. |5] illustrates the 11 times higher laser energy 
coupling into the target walls at 300 fs in this config- 
uration compared to as Ou . This absorption has the 
effect of dephasing the laser light and, together with the 
lower geometrical compression associated with wider tar- 
gets, plays an important role in limiting the attainable 
peak laser focusing in the 6^30 and 6^45 geometries. For the 
<^io ^30 configuration, peak focusing of Ipeak /lo ^ 6.9 is 
sustained over a 600 fs interval prior to tip closure at 
t ~ 1.1 ps due to the attenuated ponderomotive force 
associated with laser filamentation. In addition we find 
electron acceleration in the tip region in this configura- 
tion to be effectively suppressed. As depicted in Fig. 
|6] (C) the ^45 pulse-target configuration exhibits two 
equally dominant hot electron filaments off to the sides of 
the tip with negligible electron acceleration through the 
tip. These structures are spatially coincident with strong 
filaments in the laser Poynting flux. This description is 
also representative of hot electron generation for aio 6^45 . 
In these configurations, laser filamentation coupled with 
the large transverse width of the target suppresses laser 
pressure and the tip effectively closes. 
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IV. CONCLUSION 

We have employed two dimensional particle-in-cell sim- 
ulations to study the focusing and evolution of ultrain- 
tense short pulse lasers in idealized converging targets. 
The wide 45° targets are found to exhibit generally sub- 
optimal performance over time; for the /19 and I20 pulses, 
particle heating is characterized by two equally dominant 
hot electron filaments off to the sides of the tip. Pondero- 
motive self-channeling is suppressed by laser filamenta- 
tion and the target tip effectively closes at t ^ 450 fs. 
In the 30° geometry performance degrades with increas- 
ing intensity; for the /19 pulse, peak laser focusing of 
Ipeak/Io ^5.2 and the generation of tip- aligned electron 
filaments with Pe/Io ^ 1 are observed. In the /20 — 30° 
configuration, sustained peak focusing of Ipeak/^o ^ 6.9 
is present at early times, with electron acceleration in 
the tip region suppressed as the tip closes at t 1.1 ps. 
In general, performance in these wider targets is limited 
by large interaction regions and high absorption in the 
overdense walls that act to dephase laser light, dimin- 
ished geometrical compression with respect to the 17 ° 
target, and instabilities such as laser filamentation that 
deleteriously affect ponderomotive self-channeling. 

By contrast, in the 17° configuration both peak laser 
focusing of Ipeak/^o ^ 8-8 and electron generation and 
propagation through the target tip with Pe/Io ^ 3.2 are 
achieved for a > 1. This peak focusing represents 82% 
efficiency relative to an ideal optical case, comparable to 
results reported on previously [10 , with losses primarily 
going into hot electron excitation. A clear trend is de- 
scribed for this geometry where the region of peak laser 
intensity regresses away from the target tip at intensity- 
dependent rates that saturate for pulses of a > 3. This 
trend suggests the 17° geometry may be representative 
of a broader class of pulse-target configurations that are 
characterized by a sustained dynamical equilibrium be- 
tween plasma expansion and laser radiation pressure. 
The physical picture here centers on the interface be- 
tween the receding laser front and the plasma expansion. 
The onset of recession occurs with a density perturbation 
in this region at early time, and as the plasma expands 
ablated particles stream in to the laser channel. Over 
time the laser energy density gradient becomes gentler, 
outward ponderomotive pressure decreases, and the laser 
front regresses towards injection plane. A simple but 
general model is developed that encapsulates the essen- 
tial character of these systems which accurately predicts 
Uf and yields key scalings Ip^ak^Pe oc a^. For the pa- 
rameters considered here, the hydrodynamic plasma ex- 
pansion breaks down beyond subpicosecond timescales 
after which the high collisionality, ionization and resis- 
tive effects that dominate deep in realistic high-Z com- 
position target walls must be included. Future research 
will focus on expanding the applications of our model 
to a broader set of configurations, and on analytically 
identifying pulse-target configurations in this dynamical 
equilibrium between plasma expansion and ponderomo- 



tive cavitation. Our results suggest the 17° and other 
configurations of this class may be employed as an exper- 
imentally straight-forward apparatus to achieve bursts of 
lOx boosted light for hundreds of femtoseconds, focused 
down to small spots of ~ IAq with high performance scal- 
ing beyond intensities a > 10. 

In addition the results presented here may have rel- 
evance for production cone target environments such as 
fast ignition. Although our simulation geometry is Carte- 
sian and therefore "slab," this is a reasonable facsimile 
of the physics that will occur for conical targets m R — Z 
space. Assuming a linear scaling for geometrical com- 
pression and given laser p-polarization, focusing for these 
configurations in three dimensions is enhanced by an ad- 
ditional factor of 4. In the 17° geometry this corresponds 
to a ~35 times higher intensity spot in a conical tar- 
get with a collimated, tip-aligned hot electron filament 
for a > 1 laser pulses over ~ 500 fs. Though electron 
transport in the dense thermonuclear fuel remains a key 
outstanding issue in the FI literature, the enhanced laser 
focusing described in this paper could in principle allow 
ignitor pulse requirements to met near /ig. Furthermore, 
for a given amount of input laser energy, these configu- 
rations could enable an additional control parameter to 
tune beam intensity at the tip of target. If higher inten- 
sity pulses are required, the saturation oi Uf potentially 
enables current cone- wire experiments [24^ to utilize nar- 
row targets for gains in laser focusing while suffering no 
additional penalty in laser- fuel pay load distance. 

This work was performed under the auspices of the 
U.S. Department of Energy by Lawrence Livermore Na- 
tional Laboratory under Contract DE-AC52-07NA27344. 
The authors thank the anonymous referee for comments 
helpful to the polishing of the manuscript. The first au- 
thor would like to acknowledge funding and guidance 
provided by LLNL's Institute for Laser Science Appli- 
cations (https://ilsa.llnl.gov). Computational effort for 
this work was supported by the LLNL Institutional Com- 
puting Grand Challenge program. 



6 



[1] D. Strickland and G. Mourou, Opt. Commun. (1985). 

[2] H. Chen, S. C. Wilks, J. D. Bonlie, S. N. Chen, K. V. 
Cone, L. N. Elberson, G. Gregori, D. D. Meyerhofer, J. 
Myatt, D. F. Price, M. B. Schneider, R. Shepherd, D. C. 
Stafford, R. Tommasini, R. Van Maren, and P. Beiersdor- 
fer, Making relativistic positrons using ultraintense short 
pulse lasers, Physics of Plasmas 16, 122702 (2009). 

[3] A. Fedotov, N. Narozhny, G. Mourou, and G. Korn, Lim- 
itations on the Attainable Intensity of High Power Lasers, 
Physical Review Letters 105, 1 (2010). 

[4] B. A. Remington, R. Drake, and D. Ryutov, Experimen- 
tal astrophysics with high power lasers and Z pinches, 
Reviews of Modern Physics 78, 755 (2006). 

[5] M. Tabak, J. Hammer, M. E. Glinsky, W. L. Kruer, S. C. 
Wilks, J. Woodworth, E. M. Campbeh, M. D. Perry, and 
R. J. Mason, Ignition and high gain with ultrapowerful 
lasers. Physics of Plasmas 1, 1626 (1994). 

[6] S. C. Wilks, W. L. Kruer, M. Tabak, and B. A. Lang- 
don, Absorption of Ultra-Intense Laser Pulses, Physical 
Review Letters (1992). 

[7] W. L. Kruer and K. Estabrook, JxB Heating by Very 
Intense Laser Light, Phys. Fluids 28, (1984). 

[8] Y. Ping, R. Shepherd, B. F. Lasinski, M. Tabak, H. 
Chen, H. Chung, K. Fournier, S. Hansen, A. J. Kemp, 
D. Liedahl, K. Widmann, S. C. Wilks, W. Rozmus, and 
M. Sherlock, Absorption of Short Laser Pulses on Solid 
Targets in the Ultrarelativistic Regime, Physical Review 
Letters 100, 6 (2008). 

[9] L. A. Cottrih, A. J. Kemp, M. Tabak, and R. Town, 
Characterization of escaping electrons from simulations 
of hot electron transport for intense femtosecond laser- 
target scenarios, Nuclear Fusion 50, 095002 (2010). 
[10] X. Zeng and D. Fan, Numerical simulations of laser light 
guiding and focusing using an open hollow cone. Optics 
Communications 283, 3854 (2010). 
[11] W. Yu, L. Cao, M. Yu, A. Lei, Z. Sheng, H. Cai, K. 
Mima, and X. He, Focusing of intense laser pulse by a 
hollow cone. Laser and Particle Beams 28, 293 (2010). 
[12] A. J. Kemp, B. L Cohen, and L. Divol, Integrated kinetic 
simulation of laser-plasma interactions, fast- electron 
generation, and transport in fast ignition. Physics of Plas- 
mas 17, 056702 (2010). 
[13] K. A. Flippo, E. DHumieres, S. a. Gaillard, J. Rassu- 
chine, D. C. Gautier, M. SchoUmeier, F. Nurnberg, J. L. 
Kline, J. Adams, B. Albright, M. Bakeman, K. Harres, 
R. P. Johnson, G. Korgan, S. Letzring, S. Malekos, N. 
Renard-LeGalloudec, Y. Sentoku, T. Shimada, M. Roth, 
T. E. Cowan, J. C. Fernandez, and B. M. Hegelich, In- 
creased efficiency of short-pulse laser- generated proton 
beams from novel flat-top cone targets. Physics of Plas- 
mas 15, 056709 (2008). 
[14] A. G. MacPhee, L. Divol, A. J. Kemp, K. U. Akh, F. N. 
Beg, C. D. Chen, H. Chen, D. S. Hey, R. J. Fedosejevs, 
R. R. Freeman, M. Henesian, M. H. Key, S. Le Pape, 
A. Link, T. Ma, A. J. Mackinnon, V. M. Ovchinnikov, 
P. K. Patel, T. W. Phillips, R. B. Stephens, M. Tabak, 
R. Town, Y. Y. Tsui, L. D. Van Woerkom, M. S. Wei, 
and S. C. Wilks, Limitation on Prepulse Level for Cone- 
Guided Fast-Ignition Inertial Confinement Fusion, Phys- 
ical Review Letters 104, 1 (2010). 
[15] E. Esarey, C. Schroeder, and W. Leemans, Physics of 



laser-driven plasma-based electron accelerators, Reviews 
of Modern Physics 81, 1229 (2009). 

[16] A. Pukhov, Strong field interaction of laser radiation. Re- 
ports on Progress in Physics 66, 47 (2003). 

[17] F. Brunei, Not- So- Resonant, Resonant Absorption, Phys- 
ical Review Letters 59, (1987). 

[18] H.-S. Park, D. M. Chambers, H.-K. Chung, R. J. Clarke, 
R. Eagleton, E. Giraldez, T. Goldsack, R. Heathcote, N. 
Izumi, M. H. Key, J. A. King, J. a. Koch, O. L. Lan- 
den, A. Nikroo, P. K. Patel, D. F. Price, B. A. Reming- 
ton, H. F. Robey, R. a. Suavely, D. a. Steinman, R. B. 
Stephens, C. Stoeckl, M. Storm, M. Tabak, W. Theobald, 
R. P. J. Town, J. E. Wickersham, and B. B. Zhang, High- 
energy Ka radiography using high-intensity, short-pulse 
lasers. Physics of Plasmas 13, 056309 (2006). 

[19] M. H. Key, Status of and prospects for the fast ignition 
inertial fusion concept. Physics of Plasmas 14, 055502 
(2007). 

[20] H. Ruhl, Introduction to Computational Methods in 
Many Particle Body Physics (Rinton, Paramus, NJ, 
2006). 

[21] C. Birdsall and A. B. Langdon, Plasma Physics via Com- 
puter Simulation (Hilger, London, 1991). 

[22] V. Ginzburg, The Propagation of Electromagnetic Waves 
in Plasmas (Pergamon, London, 1970). 

[23] P. Mora, Plasma Expansion into a Vacuum, Physical Re- 
view Letters 90, 5 (2003). 

[24] H. Nakamura, B. Chrisman, T. Tanimoto, M. Borghesi, 
K. Kondo, M. Nakatsutsumi, T. Norimatsu, M. Tampo, 
K. Tanaka, T. Yabuuchi, Y. Sentoku, and R. Kodama, 
Superthermal and Efficient- Heating Modes in the Inter- 
action of a Cone Target with Ultraintense Laser Light, 
Physical Review Letters 102, 1 (2009). 



7 




10 20 30 40 

Y(Mm) 



FIG. 1: Schematic for the O17 target configuration with the 
low intensity a = 0.1 reference beam (see text); laser longi- 
tudinal Poynting flux Pz shows /peafc/^o = 10.8 peak focusing 
with superimposed white dashed lines indicating initial target 
position. 
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FIG. 2: Laser peak intensity dependence on target angle for 
the as pulse (see text). 
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FIG. 3: Temporal evolution of the as Oir pulse-target configuration in Y — Z space. (A-C) Time-averaged electron density 
log Tie/ Tier with supcrlmposcd white contour lines corresponding to densities of 0.1 ricr and ricr ; (D-F) time- averaged laser 
Poynting flux log Pl [W/cm^]. 
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FIG. 4: (A) Spatial location of peak laser intensity for the 
Oi7 target; front velocity Uf and time evolution of Zpeak (see 
text). (B) Scaling oi Uf with dimensionless laser parameter a 
in 6i7 . The analytic model from equation ([8| and its asymp- 
totic form are represented by the solid and dashed blue curves 
respectively. 
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FIG. 5: Laser energy absorption into target walls at 300 fs 
for the as laser pulse (note different transverse scales). 
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FIG. 6: Hot electron characteristics at 1.4 ps across target geometries for the as laser pulse; energy flux densities of forward- 
going electrons logPe [W/cm^] (note different transverse scales). 



